Hormonally up-regulated neu-associated Kinase (Hunk) is a protein kinase that was originally identified in the murine mammary gland and has been shown to be highly expressed in Human Epidermal Growth Factor Receptor 2 positive (HER2 + /ErbB2 + ) breast cancer cell lines as well as MMTV-neu derived mammary tumor cell lines. However, the physiological role of Hunk has been largely elusive since its identification. Though Hunk is predicted to be a Serine/Threonine (Ser/Thr) protein kinase with homology to the SNF1/AMPK family of protein kinases, there are no known Hunk substrates that have been identified to date. Recent work demonstrates a role for Hunk in HER2 + /ErbB2 + breast cancer progression, including drug resistance to HER2/ErbB2 inhibitors, with Hunk potentially acting downstream of HER2/ErbB2 and the PI3K/Akt pathway. These studies have collectively shown that Hunk plays a vital role in promoting mammary tumorigenesis, as Hunk knockdown via shRNA in xenograft tumor models or crossing MMTVneu or Pten-deficient genetically engineered mouse models into a Hunk knockout (Hunk-/-) background impairs mammary tumor growth in vivo. Because the majority of HER2 + /ErbB2 + breast cancer patients acquire drug resistance to HER2/ErbB2 inhibitors, the characterization of novel drug targets like Hunk that have the potential to simultaneously suppress tumorigenesis and potentially enhance efficacy of current therapeutics is an important facet of drug development. Therefore, work aimed at uncovering specific regulatory functions for Hunk that could contribute to this protein kinase's role in both tumorigenesis and drug resistance will be informative. This review focuses on what is currently known about this under-studied protein kinase, and how targeting Hunk may prove to be a potential therapeutic target for the treatment of breast cancer.
Introduction
Hormonally Up-regulated Neu-associated Kinase (Hunk) is a Serine (Ser)/Threonine (Thr) protein kinase that was discovered in a screen to identify protein kinases expressed in the murine mammary gland during development and in mammary epithelial tumor cells derived from MMTV-neu, MMTV-wnt (int2), MMTV-myc, and MMTV-ras genetically engineered mouse models [1] . In the same year that Hunk was identified in the mammary gland, the mouse and human homologs of this protein kinase were cloned and the human gene was mapped to chromosome 21q22.11 [1] [2] [3] . Hunk is an ∼80 kDa protein encoded by the Hunk gene containing multiple regions of homology to members of the SNF1/AMPK protein kinase family, including a catalytic kinase domain that is C-terminally flanked by a small region designated the SNF1 homology domain (SNH domain) [2] [3] [4] . The SNF1/AMPK family of protein kinases has known roles in metabolism, proliferation, differentiation, survival, migration, and invasion, and are expressed in many types of cancers [4, 5] . However, whether Hunk functions in these processes is relatively unknown.
In addition to the SNH domain, Hunk has a ubiquitin-associated domain (UBA domain) located downstream of its kinase region, which is also seen in many AMPK protein kinases [6] . In typical AMPK family members, this domain is not used to bind ubiquitin but is necessary for kinase activation and conformational stability [7] . A distinction in Hunk is that the catalytic domain contains a stretch of positively charged amino acids resembling the PIP2 consensus binding site, which is not found in other AMPK-related protein kinases [6] . PIP2 is a major phospholipid component of the plasma membrane that has various functions, such as the regulation of processes requiring membrane reorganization, including endocytosis [8] . Hunk also contains a unique C-terminal domain that is not homologous to any known protein to date [9] . It is possible that these domain distinctions will prove to be essential for Hunk intracellular functions.
In the literature, Hunk is also known as metastasis associated protein kinase in VMR tumor family (MAK-V) [2] . Hunk cDNA is 98% homologous to MAK-V cDNA, with only one codon altered between the two, though the different codons encode the same amino acid resulting in the same protein structure for Hunk and MAK-V [2] . Therefore, it was determined that both the Hunk gene and MAK-V gene are one in the same [2] . Hunk chromosomal location at 21q22.11 shows close proximity to the SOD1 gene, a factor implicated in the pathology of amyotrophic lateral sclerosis (Lou Gehrig's disease). Because Hunk was found to be expressed in several areas of the brain and throughout the central nervous system, it was originally thought that Hunk may be implicated in nervous system malignancies [6] , though this has not been confirmed.
In addition to being expressed in the mammary gland, brain, and CNS, Hunk has also been found to be transcriptionally expressed in many other tissues including the ovary, liver, kidney, thymus, and lung [2, 3, 9, 10] . It is important to note that despite the evidence of Hunk expression in these tissues, transcriptional expression is typically found within specific subsets of cells rather than having a global distribution. Early reports on Hunk from Gardner et al. aimed to determine Hunk's potential for regulation of embryonic development, since Hunk was found to be transcriptionally expressed in embryonic cells [3] . The authors of this study showed that in the developing murine embryo, Hunk is highly expressed during midgestation, but decreases in some tissues before birth, indicating a temporal regulation of Hunk expression during development. These early studies were the first to suggest a tissue-specific developmental role for Hunk, paving the way for investigation into its regulation of mammary gland development. However, Hunk is not essential for normal development, as studies in Hunk −/− mice indicate that loss of Hunk does not impair embryonic viability [4] . Despite a wide tissue distribution of Hunk expression, much of what has been studied on Hunk's molecular functions has been focused on breast tumor pathogenesis.
Intracellular functions of Hunk
To date, the intracellular functions of Hunk have remained somewhat elusive. Though Hunk's kinase domain has high homology to the AMPK family of protein kinases with specificity for Ser/Thr residues, neither a consensus phosphorylation sequence nor bona fide substrates have been identified for Hunk. Instead, most of the experiments evaluating Hunk protein kinase activity have been directed at determining whether a catalytically-inactive mutant form of Hunk alters protein localization or protein-protein interactions. Studies investigating the requirement of Hunk kinase activity will be further discussed below.
In turn, since protein kinases are often subject to phosphorylation by other protein kinases that regulate downstream activity, one study investigated Hunk as a target for phosphorylation in COS-7 cells. This group suggested that Hunk may be phosphorylated by unknown protein kinases specifically at Ser residues, having not seen phosphorylation on any Thr residues [11] . To identify potential phosphorylation sites on Hunk, additional studies using quantitative mass spectrometry-based analyses with serial enrichments of different post-translational modifications (SEPTM) were implemented to identify Hunk phosphorylation sites at S65, S360, S368, Y378, S561, S585, and T618 [12] . Consequently, further investigation into these specific Hunk phosphorylation sites to identify the protein kinase(s) that target these sites in Hunk, as well as the outcome of Hunk function due to phosphorylation at each site, is warranted.
Early studies assessed Hunk's subcellular localization in various mammalian cell types and showed Hunk to be localized in the cytoplasm, at the plasma membrane, as well as in the nucleus [6, 13, 14] . One study by Kalinichenko et al. showed that Hunk was largely associated with membrane fractions in neuronal cells, murine-derived mammary tumor cells, and in yeast [6] . It was also demonstrated through the use of Hunk-deletion mutants in a yeasttwo-hybrid assay that the Hunk UBA domain was required for Hunk membrane localization [6] . This study by Kalinichenko et al. suggested that the UBA domain was necessary for Hunk to bind the plasma membrane component PIP2 thereby localizing Hunk to the membrane [6] . Interestingly, when exogenously expressed, wildtype Hunk was found to be in the nucleus and at centrosomes as well [6, 14] . Furthermore, the localization of wild-type Hunk to these intracellular regions was found to a greater extent than a kinase-dead mutant of Hunk in several different cell lines [6, 14] . These reports were some of the earliest indications that the kinase activity of Hunk regulates this protein's intracellular localization, which is predicted to effect Hunk's intracellular functions. Centrosome localization suggests Hunk may be involved in regulation of the cell cycle, possibly during mitosis, and that these functions require Hunk kinase activity, though this has not been proven [14] .
Surprisingly few binding partners of Hunk have been identified. The Nedd4 E3 ubiquitin ligase was shown to be a binding protein of Hunk in PC12 cells, which was determined by mass spectrometry using Hunk isolated from PC12 cells expressing a doxycyclineinducible Hunk. The binding of Hunk to Nedd4 was confirmed by co-immunoprecipitation of Nedd4 with endogenous Hunk in CSML-0 cells [15] . Proteins that bind to Nedd4 typically interact through proline-rich PY motifs [16] [17] [18] . However, Hunk does not contain a PY-motif, suggesting a unique avenue of interaction [15] . The interaction between Hunk and Nedd4 was shown to be dependent on the presence of the amino-terminal domain of Hunk containing the kinase domain. This study by Kalinichenko et al. also demonstrated that Hunk is a target of proteasome-dependent degradation, and that Hunk is ubiquitinated independently of Nedd4, as Nedd4 inhibition does not alter Hunk stability [15] . In addition to Nedd4, an interaction between Hunk and synaptopodin has also been identified [19] . This study, also performed by Kalinichenko et al. determined synaptopodin bound to recombinant Hunk through its C-terminal domain using mass spectrometry [19] . Because synaptopodin has known roles in dendritic spine contact and synaptic plasticity [20, 21] , it was suggested by the authors that this interaction may lead to future identification of Hunk function in the nervous system.
One of the earliest roles suggested for Hunk was a potential involvement in the regulation of endocytosis. This idea stemmed from studies by Korobko et al. who showed using yeast-two hybrid that Hunk interacts with Rabaptin-5, an effector of the GTPase Rab5, a protein that regulates endocytosis and membrane trafficking through early endosome fusion [2, 22] . Overexpression of wild-type Hunk also showed an increase in fluid-phase endocytosis. This effect was not as dramatic when kinase-deficient Hunk was overexpressed, implying Hunk may have a kinase-dependent regulatory role in endocytosis [2] . The authors further suggested that Hunk might phosphorylate essential endocytic proteins since the intact kinase domain of Hunk was required for the observed increase in endocytosis [2] . However, phosphorylation was not tested and further studies will be required to determine if any endocytic proteins are Hunk substrates.
Additional studies have aimed to elucidate a role for Hunk in growth factor signaling. A study by Komurov et al. found that Hunk promotes EGFR (a.k.a. HER1/ErbB1) signaling upon EGF ligand binding in a kinome screen that investigated protein kinases which become active in response to EGF treatment [23] . Another publication by Yeh et al. showed that Hunk is regulated in response to EGF stimulation where EGF treatment of a HER2 + /ErbB2 + breast cancer cell line resulted in an increase in Hunk protein levels [24] . It is currently unknown if EGFR can independently regulate Hunk or if this effect on Hunk expression is due to the dimerization between HER2/ErbB2 and EGFR. Most recently, it has been reported that Hunk knockdown is able to inhibit EGFR activity indicated by reduced EGFR phosphorylation in HER2 + /ErbB2 + breast cancer cells resistant to HER2/ErbB2 inhibitors [25] , which could suggest that Hunk participates in a positive feedback loop to regulate EGFR activation.
Most notably, the SNF1/AMPK family of protein kinases regulate stress-induced metabolic changes [26] . Recent work indicates that Hunk regulates autophagy in a manner that promotes tumor cell survival in HER2 + /ErbB2 + breast cancer cells, thereby acting as a mechanism for drug resistance [13] . Autophagy is a stressinduced process essential for the maintenance of intracellular homeostasis that results in the degradation of cellular materials enclosed within a double-membraned vesicle, the autophagosome [27, 28] . The study by Yeh et al. suggested Hunk may regulate autophagy, as Hunk-deficient mammary gland fibroblasts and HER2 + /ErbB2 + breast cancer cells expressing Hunk shRNA show reduced autophagic flux [13] . Furthermore, Hunk knockdown inhibited autophagy induced by HER2/ErbB2 inhibitor treatment in HER2 + /ErbB2 + breast cancer cells [13] . Likewise, targeting Hunk by shRNA downregulation in HER2 + /ErbB2 + breast cancer cells obtained from a patient who was resistant to HER2/ErbB2 inhibitors reduced autophagy [13] . These findings suggest Hunk may be regulating autophagy in HER2 + /ErbB2 + breast cancer cells as a survival mechanism in a manner that contributes to acquisition of therapeutic drug resistance. Additional studies suggest that Hunk regulates cell survival during adult mammary gland development as well as mammary tumor cell survival via apoptosis [29] . Similarly, Hunk expression was able to promote viability in pre-differentiated neurons [10] . Whether the effect of Hunk on cell survival due to autophagy is related to the effect of Hunk on apoptosis remains to be determined as significant crosstalk exists between proteins that regulates these two processes.
Since SNF1/AMPK-like protein kinases have been shown to regulate proliferation, it is also possible that Hunk regulates proliferation in addition to affecting cellular survival. In one such study, Sakai et al. evaluated how Hunk functions in renal tubular cells and showed that Hunk overexpression suppressed angiotensin II (ANGII) [9] . The resulting effect was an inhibition of proliferation due to the suppression of regulatory proteins that promote proliferation, such as c-fos and TGF-␤. These findings imply that Hunk may negatively regulate proliferation, though this may be tissue and context dependent. An additional study indicating Hunk negatively regulates proliferation was analyzed in intestinal cells [30] . In this study, the authors show that in the normal intestine, Hunk negatively regulates proliferation, as Hunk deficiency resulted in increased proliferation and migration [30] . In addition to the kidney and intestine, Hunk overexpression was also shown to reduce proliferation of alveolar epithelial cells during pregnancy in the mammary epithelium of MMTV-Hunk transgenic mice [31] . However, a more recent study showed Hunk to positively regulate proliferation in breast and mammary tumor cells, suggesting context-dependent and cell-specific proliferative functions of Hunk [24] .
Hunk regulates mammary gland development
One of the earliest studies on Hunk focused on its role in murine mammary gland development induced by changes during pregnancy [31] . In this study, Gardner et al. found that Hunk is upregulated in a subset of epithelial cells in the mammary gland during early pregnancy or when oophorectomized mice are stimulated with 17␤-estradiol and progesterone treatment [31] . This was the first paper to suggest that Hunk may be regulated by ovarian hormones in pregnancy. These observations are thought to extend to include breast cancer, as estrogen and progesterone have an established role in the etiology of breast tumorigenesis [31, 32] , although the effect of these hormones on Hunk in breast cancer has never been evaluated. Interestingly, transgenic Hunk overexpression in MMTV-Hunk mice caused impaired lobuloalveolar development and subsequent defects in lactation, with decreased epithelial proliferation and differentiation at later stages of pregnancy, suggesting a time-dependent regulatory role of Hunk for pregnancy-induced mammary gland changes [31] . Since estrogen and progesterone are required for epithelial proliferation in puberty and alveolar differentiation in pregnancy respectively, it is possible that these hormones regulate Hunk downstream to aid in estrogen-induced proliferation in the mammary gland. However, later studies in Hunk −/− mice did not report changes in proliferation during pregnancy [4, 29] .
Further work investigating Hunk's role in mammary gland development by Yeh et al. evaluated apoptosis in the involuting mammary gland and found that mammary glands from Hunk −/− mice during involution showed significantly more apoptotic activity, suggesting Hunk is a promoter of cell survival in the mammary gland during adult mammary gland development [29] . The authors determined that Hunk was needed to maintain cell survival during mammary gland involution via down-regulation of the apoptotic molecule myc, downstream of Akt [29] . These findings led the authors to further investigate whether Hunk promoted tumor cell survival in response to Akt activation in a mammary specific Pten-conditional knockout genetically engineered mouse model through a similar mechanism tied to myc expression levels [29] . As expected, they found that Hunk was necessary for the survival of cells in mammary tumors driven by loss of the tumor suppres-sor Pten in vivo, as Hunk-deficient tumors showed significantly more apoptosis [29] . Additional experiments showed that upon Akt activation, Hunk is up-regulated and consequently suppresses cmyc expression [29, 33] . Taken together, these findings indicate that Hunk is an Akt effector with the ability to suppress myc-induced apoptosis.
Hunk and breast cancer metastasis
Hunk has also been shown to have a role in metastasis. But, whether Hunk is a metastasis promoting factor or a metastasis inhibiting factor is not clear. An initial report by Wertheim et al. showed in a MMTV-myc mammary tumor model bred into a Hunk −/− background that although Hunk was dispensable for mammary tumor formation induced by the myc protooncogene, it was required for the metastasis of these tumors to the lung, since MMTV-myc mice containing wild-type Hunk readily metastasized in comparison to mice in the Hunk −/− background [4] . This study also showed that the kinase-activity of Hunk was required for myc-induced mammary tumor metastasis, as MMTV-myc; Hunk −/− derived mammary tumor cells expressing a kinase-dead mutant of Hunk showed significantly fewer lung metastases in an in vivo metastasis assay, compared with those cells expressing a wild-type version of Hunk [4] . In vitro migration assays confirmed the in vivo observations on metastasis as Hunk kinase activity was also found to be required for myc-induced mammary tumor migration and invasion [4] .
Although some studies on Hunk have shown Hunk to be a promoter of metastasis, one study strongly suggests otherwise [34] . A study by Quintela-Fandino et al. concluded that Hunk suppresses metastasis of basal-like breast cancers [34] . The study authors used human breast cancer cell lines classified as basal-like to overexpress wild-type Hunk in order to show that Hunk impaired metastasis via a cofilin-dependent mechanism, where Hunk is thought to inhibit cofilin-mediated actin filament formation by sustaining cofilin phosphorylation [34] . However, the phosphorylation of cofilin was not shown to be directly mediated by Hunk but rather through PP2A interaction and presumably PP2A phosphatase activity toward cofilin [34] . Interestingly, later studies also showed that Hunk does not suppress or induce metastasis in luminal or basal-like tumors but in genetically engineered mouse models [24, 29] . Since the role of Hunk cannot clearly be ruled in favor of promoting or inhibiting metastasis, further characterization of Hunk-mediated metastasis is warranted to determine its functions in different breast cancer subtypes.
Hunk is implicated in HER2 + /ErbB2 + breast cancer and development of drug resistance
In 2004, four years after Hunk was cloned, Korobko et al. reported Hunk to be overproduced in about 50% of breast carcinomas with tumor cells staining positive for Hunk displaying primarily cytoplasmic localization of the protein [35] . However, the observed increase in Hunk levels in this study did not correlate with histological subtype including hormone receptor status (estrogen and progesterone), metastasis, or an increase in proliferative markers. Interestingly, increased levels of Hunk were more frequently observed in HER2 + /ErbB2 + (3+) tumor samples compared to HER2 − /ErbB2 − [35] . Separate genomic analysis of human breast tumor tissues in a later study confirmed a potential association of higher Hunk expression in some human breast cancers, particularly correlating with the HER2 + /ErbB2 + subtype [4] . Consistent with prior reports, we have now performed an additional distinct analysis using gene expression data from The Cancer Genome Atlas (TCGA) and found that HER2 + /ErbB2 + breast cancer samples have higher Hunk expression levels than that of estrogen receptor negative (ER − )/HER2 − and estrogen receptor positive (ER + )/HER2 − breast cancers (Fig. 1A , adjusted p < 0.001 and p < 0.001, respectively). It is also worth noting that there was no observed difference in Hunk expression in this analysis between ER − /HER2 − and ER + /HER2 − groups, despite the potential regulation of Hunk by estrogen as previously described [31] .
Perhaps not surprisingly, based on the analyses described above, much of the scientific research on Hunk has focused on evaluating Hunk's role in breast cancer etiology and progression with particular focus on the HER2 + /ErbB2 + subtype. Multiple lines of investigation demonstrated that targeting Hunk, either by shRNA knockdown in MMTV-neu-derived mammary tumor cells and HER2 + /ErbB2 + breast cancer cells, or through the use of MMTVneu-genetically engineered mouse models bred into a Hunk −/− background, significantly impaired tumor growth [13, 24, 25] . It was also reported that a kinase-dead mutant of Hunk impaired tumor growth [24] , suggesting Hunk kinase activity is important for the promotion of HER2 + /ErbB2 + mammary tumorigenesis in vivo.
Mechanistically, Hunk was shown to be upregulated in response to HER2/ErbB2 oncogene activation and targeting Hunk induced apoptosis in response to stabilization of p27 kip1 , a cyclin-dependent kinase inhibitor and tumor suppressor [24] . HER2 + /ErbB2 + breast cancers downregulate p27 kip1 as a mechanism to promote tumor cell proliferation and survival whereas upregulation and subsequent stabilization of p27 leads to cell cycle arrest and cell death [36] . As already noted, studies by Yeh et al. suggest Hunk also plays a mechanistic role in regulating autophagy in HER2 + /ErbB2 + breast cancer cells as a potential mechanism of cell survival [13] . However, the specific pathway or pathways, such as regulation of p27 that Hunk signals within to regulate autophagy in HER2 + /ErbB2 breast cancer has yet to be determined.
The most recent studies on Hunk implicate this protein kinase in the development of drug resistance to HER2/ErbB2 inhibitors in HER2 + /ErbB2 + breast cancer. Two recent studies demonstrated that targeting Hunk with shRNA in a HER2 + /ErbB2 + breast cancer cell line derived from a patient who was resistant to trastuzumab impaired mammary tumor growth in vivo [13, 25] . These studies provided evidence to suggest that Hunk regulates the catabolic process of autophagy, which can lead breast cancer cells to become resistant to targeted inhibitors, and that downregulating Hunk by shRNA inhibits autophagy in both primary and drug resistant HER2 + /ErbB2 + breast cancer cells. It is currently understood that autophagy plays a dual role in cancer, displaying both tumor-suppressing and tumor-promoting properties in a context-dependent manner [28, 37, 38] . During early tumor formation, autophagy is considered to be tumor suppressive [37] . However, in established HER2 + /ErbB2 + tumors, autophagy is regarded as a pro-survival mechanism which allows cancer cells to overcome stressful environments such as hypoxia or increased metabolic demands [27] . Furthermore, many chemotherapeutic agents and targeted agents, including HER2/ErbB2 inhibitors, induce autophagy [28, 39, 40] . In response to these observations, several clinical trials are currently aimed at assessing the effect of pharmacologic inhibition of autophagy in order to determine if inhibiting this process improves the efficacy of chemotherapeutic agents [37] . Because HER2 + /ErbB2 + breast cancer cells that have become resistant to HER2/ErbB2 inhibitors exhibit higher levels of basal autophagy [39, 41, 42] , it is proposed that Hunk upregulates autophagy in HER2 + /ErbB2 + breast cancer cells as a survival mechanism, thus promoting the acquisition of drug resistance to HER2/ErbB2 inhibitors. Therefore, targeting Hunk has the potential to improve the treatment of drug resistant HER2 + /ErbB2 + breast cancers through downregulation of autophagy.
Additional studies from the same group found that targeting both Hunk and another protein kinase JNK was able to effec- + /ErbB2 breast cancers. Gene expression data (RNAseqV2 RSEM normalized) were retrieved for the TCGA breast invasive carcinoma dataset (BRCA, v2016 01 28) from the BROAD GDAC FireBrowse site. The HER2, estrogen receptor (ER), and progesterone receptor (PR) status was retrieved from the UCSC Cancer Genomics Browser. Pairwise comparisons were made by first generating subsets of samples, followed by removal of genes with few reads using a cutoff that required the sum of counts across the subset to be greater than 20. Voom was used to transform the RSEM normalized counts prior to running a moderated t-test on the data [45, 46] followed by a Benjamini-Hochberg procedure to correct for multiple testing. Specifically, even though only results for Hunk are shown here, expression levels of all 20,533 genes were used for analysis. p < 0.0001. B. Hunk expression is higher in HER2 + /ErbB2 breast tumors and is associated with reduced recurrence free survival (RFS) in HER2 + /ErbB2 patients. Gene probe Hunk 1555935 s at was used for analysis with HER2 + status set to "positive" yielding n = 150 patient samples with available clinical data containing the selected events. A total of n = 75 patients were scored as "low" Hunk and n = 75 were scored as "high" Hunk. Analysis tool automatically removed redundant samples and excluded any biased arrays. The probe expression range was classified as 4-578 with a cutoff value of 127 used for analysis. HR = 1.79, logrank p-value = 0.036. tively suppress growth of HER2 + /ErbB2 + drug resistant tumors in vivo better than individual inhibition of either Hunk or JNK [25] . Because enhancement of signaling by molecules downstream of Epidermal Growth Factor Receptor (EGFR) are often implicated in HER2-inhibitor drug resistance, the authors aimed to determine if combinatory targeting of Hunk with an identified compensatory signaling pathway could suppress tumor growth of drug resistant HER2 + /ErbB2 + mammary tumors. The study authors found that combined inhibition of both Hunk and JNK promoted cell death and overall impaired autophagy of HER2-inhibitor resistant HER2 + /ErbB2 + cells in vitro, and inhibited tumor growth of HER2 + /ErbB2 + drug resistant mammary tumors in vivo [25] . These results corroborate a function for Hunk in HER2 + /ErbB2 + breast cancer drug resistance, and suggest that Hunk inhibition, perhaps in a chemotherapeutic drug cocktail, may be a clinically useful approach in combating drug resistance.
One area of Hunk research that is currently lacking is investigation of Hunk as a biomarker in clinical human breast cancer samples. In order for Hunk to be considered a clinically viable therapeutic target, it is important to know how Hunk expression and activity translates in breast cancer patients. While some studies have been performed to analyze Hunk gene expression in human breast cancer samples and were discussed earlier, additional comprehensive analyses with large patient cohorts are required to drive clinical progress. We have recently performed analysis using the Kaplan-Meier plotter database tool (kmplot.com), which uses gene expression data from Gene Expression Omnibus (GEO), the European Genome-phenome Archive (EGA), and The Cancer Genome Atlas (TCGA), to assess whether Hunk gene expression correlates with relapse free survival (RFS) in the HER2+/ErbB2 + breast cancer subtype [43, 44] . Our analysis using this online tool indicates that Hunk expression correlates with reduced RFS, consistent with previously published evidence (Fig. 1B , Hunk probe 1555935 s at) [4, 35] . While encouraging, these studies are likely a small part of further, much needed analyses of Hunk's role in human breast cancer for Hunk to be considered as a viable therapeutic target. + /ErbB2 breast cancer. HER2/ErbB2 activation induces Hunk expression as well as stimulates downstream Akt signaling, which can in turn upregulate Hunk. Hunk is then able to downregulate c-myc in response to Akt activation, or relocalize p-27 in response to HER2/ErbB2 activation, ultimately promoting survival. Hunk activation can also promote autophagy, which can then further enhance survival and promote drug resistance.
Conclusion
In this review, we have attempted to describe what is currently known concerning Hunk's physiological functions, particularly in breast cancer with focus on the HER2 + /ErbB2 + subtype. These roles include kinase-dependent cellular functions for Hunk including endocytosis, apoptosis, migration, proliferation, and autophagy (Fig. 2) . However, because Hunk substrates have yet to be identified, it is still mechanistically unknown as to how the kinase activity of Hunk is important for these various functions. As more clinically relevant data provides evidence for targeting Hunk in breast cancer, this novel protein kinase will prove to be a clinically viable pharmacological target.
